Purpose: There is increased type I interferon signature in psoriasis patients. Interferonkappa (IFN-κ) is a member of type I interferon family that is constitutively expressed by keratinocytes. In this study, we investigate whether IFN-κ is involved in psoriasis etiology. Patients and methods: Twenty healthy individuals, 20 psoriasis vulgaris patients and 10 atopic dermatitis (AD) were included for this study. Immunohistochemistry staining, normal human epidermal keratinocytes (NHEK) culture, Ca 2 Cl-induced differentiation, quantitative reverse transcription (qRT-PCR), ELISA and murine experiments were performed. Results: We found IFN-κ protein expression was extremely low in the epidermis of normal skin, but it was significantly increased in the suprabasal layers of epidermal keratinocytes in psoriatic skin lesions. However, its expression in the skin lesions of AD was similar to normal skin. Additionally, IFN-κ protein was detected in sera from psoriasis patients, but not in sera from normal subjects and AD. We further investigated the regulation of IFNk gene expression in NHEK. We found that IFNk was significantly induced by types of nucleic acid pathogen recognition receptor (PRR) agonists in NHEK. While its expression was significantly induced by itself and IFN-γ, it was inhibited by type 2 immunity cytokines IL4 and IL13; other inflammatory cytokines including IL1 super-family members and IL17A did not alter its expression. Addition of recombinant IFN-κ did not affect keratinocytes differentiation. Using the murine experimental model, we demonstrated that subcutaneous administration of recombinant IFN-κ did not increase skin thickness, but significantly increased the transcription of TNFA and IL17A in mice skin. Conclusion: Increased IFN-κ in psoriasis may be caused by injured cells-released nucleic acids, increased IFN-γ and self-activation. Its enhancement may contribute to the etiology of the disease by enhancing TNFA and IL17A gene expression.
Introduction
Psoriasis is a chronic inflammatory skin disease affecting approximately 2% to 3% of the Caucasian population and 0.1% to 0.5% of Asians. [1] [2] [3] [4] [5] Epidermal hyperplasia, angiogenesis, infiltration of T cells and neutrophils are the key pathological characteristics of the disease. Current understanding of the disease etiology has revealed that it is a complicated immune system disorder involving the dynamic interplay of innate and adaptive immunity. 6 Cytokines including TNFα, IL-17, and IL-23 are critical signals to psoriasis pathogenesis, which are proved by the effective disease control when systemically use therapeutic blockers of these cytokines. [7] [8] [9] In addition to TNFα, IL-17, and IL-23, overexpression of IFN-regulated genes has been seen in psoriasis skin, and type I IFN has been proposed as the potential therapeutic target for psoriasis. 5, [10] [11] [12] However, sources of type I IFNs in the skin of psoriasis are not completely clear. IFN-κ is a member of type I IFN family. It consists of 207 amino acids including a 27 amino acid signal peptide and a series of cysteine conserved in type I IFN, and has about 30% homology to other family members. 13, 14 IFN-κ is expressed by limited cell sources, including keratinocytes. 14 It activates the same set of genes as other family members by using receptors of IFNRA1/IFNRA2. Recently, IFN-κ has been found to associate with autoimmune disease such as cutaneous lupus erythematous: its expression is increased in keratinocytes from cutaneous lupus erythematous, and its function has been suggested to promote inflammatory responses. [15] [16] [17] More than a decade ago, a research group investigated IFN-κ gene expression in skin chronic inflammatory diseases that only included 5 subjects of both AD and psoriasis. 18 Based on results from these few cases, they concluded that down-regulation of IFN-κ in AD and psoriasis. 18 Given the accumulated evidence of enhanced IFN signals in the epidermis of psoriasis, we think it is necessary to re-evaluate the role of IFN-κ in psoriasis, as it is a keratinocyte-specific type I IFN. In this study, we investigated IFN-κ gene expression in psoriasis skin lesions compared to normal skin and skin lesions of AD. We also investigated the regulation of IFNk gene by an array of pathogen recognition receptors' agonists and cytokines associated with skin inflammation, as well as its effect on keratinocyte's differentiation. Finally, we investigated the impact of IFN-κ to skin inflammation in vivo by using a murine subcutaneous injection model. Our results suggest that IFN-κ may contribute to psoriasis pathogenesis by promoting gene expression of TNFA and IL17A in skin tissue.
Materials and Methods

Human Subjects
Human skin biopsies and serum were obtained from normal human subjects, psoriasis patients and AD at the First Total RNA Extraction and qRT-PCR Total RNA was extracted from NHEK cells and mice skin tissues using RNeasy mini kit according to the manufacture's guideline (QIAGEN, MD). RNA was then reverse transcribed into cDNA using superScript ® III reverse transcriptase from Invitrogen (Portland, OR) and analyzed by real-time RT-PCR using an ABI Prism 7000 sequence detector (Applied Biosystems, Foster City, CA). Primers and probes for human HPRT1 (Hs02800696_m1),
and mHPRT (Mm03024075) were purchased from Applied Biosystems (Foster City, CA). Quantities of all target genes in test samples were normalized to the corresponding HPRT1 or mHPRT levels.
Animal Experiments
Balb/c mice were purchased from Guangdong experimental animal institute (Guangzhou, China). All animals were maintained under specific pathogen-free conditions and used for experiments at 8-11 weeks of age. The Institutional Animal Care and Use Committee at Jinan University approved the experiments, and they were performed according to the committee's approved protocol. The rmIFN-κ (1µg in 20 µL of saline) or saline (20 µL) were administrated subcutaneously to the ear once the other day. The loci of the injection were marked. Ear thickness was measured daily using a caliper. Erythema and scaling of the ear skin were scored using an adapted version of the clinical Psoriasis Area and Severity Index. After 10 days, tissues from the injection sites were taken for RNA extraction and qRT-PCR measurement of IL17A and TNFA; or fixed in 10% PBS-buffered formalin.
Statistical Analysis
We used GraphPad prism software (version 5.03, San Diego, CA) and SAS (version 9.4) for statistical analyses.
Comparisons of expression levels were performed using one-way ANOVA analyses or two-tailed unpaired t-tests as appropriate. We used Wilcoxon rank-sum test to analyze IFN-κ ELISA data because the values of IFN-κ in both normal controls and AD subjects were undetectable. Differences were considered significant at P<0.05. ns, not significant; *p<0.05; **p<0.01; ***p<0.001.
Results
IFN-κ Is Significantly Increased in the Epidermis of Psoriatic Skin Lesions and Blood Sera
Transcriptomic analyses revealed evidence that type I IFN signal pathway was significantly elevated in psoriatic skin lesions, 5 we therefore investigated IFN-κ expression in skin lesions of psoriasis patients. AD is another common chronic skin inflammatory disease which is often associated with T helper 2 immunity. 19 We included AD as controls to psoriasis in this study. As shown in Figure 1A , IFN-κ protein-positive staining was significantly increased in the suprabasal layers of KC in psoriasis skin lesions as compared to normal skin epidermis and AD skin lesions. Semi-quantitative analyses of IFN-κ positive signals showed significantly increased staining intensity scores in psoriatic skin lesions (n=20) than normal epidermis (n=20) as well as AD skin lesions (n=10) ( Figure 1B ). We also investigated the protein levels of other IFNs, include IFNα1, IFNβ and IFNλ1. None of these IFNs' proteins were found in the epidermis of psoriasis skin lesions (data not shown).
We also investigated IFN-κ protein levels in blood serum from psoriasis patients, AD and normal subjects using ELISA method. As shown in Figure 1C , IFN-κ is undetectable in serum of both AD and normal subjects, but it was detected in the serum of the majority of psoriasis patients. Although the serum levels of IFN-κ were significantly increased in psoriasis patients compared to normal and AD subjects, the amounts of IFN-κ protein were fairly low in the blood of psoriasis patients.
IFN-κ Is Up-Regulated by Nucleic Acid Types of PRR Agonists and IFNs
Previously IFN-κ was reported to be up-regulated in proliferating NHEK cells by poly(I:C) stimulation. 20 Since IFN-κ is predominately expresses in differentiated KC in psoriasis lesions ( Figure 1A) , we therefore investigated a panel of PRR's agonists on their effects of inducing IFNk in differentiated NHEK. We set up 2-fold change as the threshold of significant increase, As shown in Figure 2A , 25, 26 we therefore investigated whether these cytokines regulate IFNk gene expression. As shown in Figure 2B , IFNk gene expression is significantly up-regulated by IFN-γ and itself, and significantly inhibited by type 2 cytokines IL-13 and IL-4. But other cytokines, include IL1 family members, IL17A and TNFα have no effect on IFNk gene expression in differentiated NHEK.
We also investigated whether the PRR agonists and cytokines could activate IFNk gene expression in undifferentiated NHEK. As shown in Figure 2C , poly(dA:dT)/ LyoVec, poly(I:C) LMW/LyoVec, poly(I:C) HMW/ LyoVec, IFN-γ and itself could significantly up-regulate IFNk gene expression in undifferentiated NHEK, while IL-4 inhibited its expression. 
IFN-κ Increases Gene Expression of MX1 and OAS1, but Does Not Regulate Gene Expression of NHEK Differentiation Markers
In order to investigate whether increased IFN-κ in psoriasis contributes to the disease etiology, we examined whether IFN-κ up-regulates type I IFN targets as well as NHEK differentiation markers. We found the addition of recombinant IFN-κ to NHEK significantly up-regulated MX1 and OAS1 gene expression, the two representative genes induced by type 1 IFNs ( Figure 3A and B) . A panel of NHEK differentiation markers were also evaluated. These markers included basal layer markers of keratin 5 (KRT5) and keratin 14 (KRT14), spinous layer markers of keratin 1 (KRT1) and keratin 10 (KRT10), and granular layer markers of filaggrin (FLG) and loricrin (LOR). 27 As shown in Figure 3C -H, addition of IFN-κ did not change gene expression of KRT5, KRT14, KRT1, KRT10, FLG and LOR. We also investigated MKI67, an indicator of cell proliferation. We found that differentiated NHEK had significantly decreased MKI67 gene expression compared to undifferentiated NHEK, addition of IFN-κ led to decreased gene expression of MKI67 in both undifferentiated and differentiated NHEK cells ( Figure 3I ), suggesting that IFN-κ inhibits the proliferation of keratinocytes. Addition of IFN-κ did not change CCL20 and TNFA gene expression in both undifferentiated and differentiated NHEK cells ( Figure 3J and K). Balb/c mice ear, marked the injection loci, and repeated injection every other day for 10 days. Injection of mrIFN-κ protein did not induce obvious skin inflammation lesions ( Figure 4A ), nor increase mice ear thickness ( Figure 4B ), however, injection of mrIFN-κ protein-induced increased mRNA levels of TNFA and IL17A in skin as compared to injection of saline ( Figure 4C and D).
Discussion
Type I IFN cytokines are normally produced in response to viral infections and play a critical role in host defense mechanisms. 28, 29 They induce the expression of anti-viral genes to inhibit viral replication in host cells and eradicate infected cells. In addition, they stimulate the maturation of dendritic cells and involve in activation of the adaptive immune system. To date, 13 IFN-α subtypes, IFN-β, -κ, -ε, -σ, -ω and -δ in type I IFN family are identified with differences in sources, receptor affinities and biological activities. 28, 29 Elevated type I IFN-inducible signals in skin lesions of psoriasis patients have been reported by different investigators. 5, 11, 12, 30 In addition, treatment with IFNs can Figure 3 IFN-κ significantly up-regulates MX1 and OSA1, but does not regulate KC differentiation markers. 10ng/mL of human recombinant IFN-κ protein was added to undifferentiated (Undiff-) and differentiated (Diff-) NHEK for 24 hrs of incubation.
(I), CCL20 (J) and TNFA (K). One of the three independent experiments is presented. Data presented as mean ± SEM. ns, not significant; ***p<0.001.
induce psoriasis in non-psoriatic patients or exacerbate psoriasis. [31] [32] [33] The direct association of psoriasis and type I IFN signals is further supported by a xenograft murine model of human psoriasis. In this model, nonlesional skin from psoriatic patients developed into psoriatic lesions when transplanted into immunocompromised mice, but inhibition of type I IFN signaling prevented the development of psoriasis disease. 34 Although the evidence of type I IFN signals in psoriasis is solid, the sources of type I IFN cytokines in the skin of psoriatic lesions are not completely clear. Previous studies attempted to find the sources of type I IFNs in psoriasis skin, only weak IFN-α mRNA were detected by using in situ hybridization method, no IFN-α protein and IFN-β mRNA/protein were detected. 11, 35 However, recently, Zheng et al showed IFN-β positive staining in freshly prepared frozen sections of skin biopsies from psoriasis lesions, but did not specify how many subjects they investigated. 36 Yao et al found IFN-κ mRNA were increased in psoriasis skin lesional tissues, but could not tell which cell type produced it. 5 In this study, we demonstrated that IFN-κ protein was significantly increased in the epidermis of psoriasis lesions, and it is also increased in a subset of psoriasis patients' peripheral blood serum ( Figure 1 ). We found IFN-κ in psoriatic lesions was located in suprabasal layers of KC in the epidermis, which matched with protein expression of type I IFNs-induced STAT1 and ISG15 shown by the study of Yao et al. 5 Our results suggest that IFN-κ of epidermal keratinocytes is a source for increased type I IFN induced signatures in psoriasis. We were not able to detect other types of IFNs in our samples, the discrepancy may be caused by different approaches of preparing staining samples. For example, we used paraffinembedded tissue sections, while Zhang et al used OTCembedded fresh tissue sections.
36
Since IFN-κ is increased in the suprabasal layers of KC in psoriasis lesions, we therefore investigated the regulation of IFNk gene expression in differentiated human normal KC. We found nucleic acid types of PRR agonists, especially the transfected double-stranded RNA and DNA agonists could significantly up-regulate IFNk (Figure 2A ). In psoriasis lesions, rapid turnover of KC and dead neutrophils would provide abundant sources of doublestranded RNA and DNA fragments, these could be the nature triggers for induction of IFNk. We also found IFNk mRNA could be up-regulated significantly by type II IFN-γ, suggesting infiltrated T help 1 cells are another possible trigger for increased IFN-κ in psoriasis lesions. 37 Additionally, IFN-κ itself can positively reinforce its expression in KC of psoriasis lesions. In the undifferentiated keratinocytes, IFNk gene expression could also be significantly up-regulated by the same set of stimulates as its induction in differentiated keratinocytes. Stimulation of NHEK with IFN-κ in vitro could significantly up-regulate MX1 and OAS1 in both undifferentiated and differentiated KC, the two type I IFN-inducible genes, which are often over-expressed in psoriasis lesions. 5, 30 However, gene expression of KRT5, KRT15, KRT1, KRT10, FLG and LOR in differentiated NHEK was not altered by IFN-κ stimulation. We did see that the addition of IFN-κ inhibits the gene expression of the proliferation marker MKI67, suggesting that IFN-κ has proliferation inhibition function as other IFNs. Although subcutaneous injection of recombinant IFN-κ did not induce psoriatic skin lesions, we observed the upregulation of TNFA and IL17A mRNA in the injection sites of mice skin biopsies ( Figure 4C and D) . The sources of IL17A are Th17 cells and ILC3 cells. 38 This result suggests IFN-κ may promote the development of Th17. Both TNFA and IL17A are important for psoriasis pathogenesis, the reason that subcutaneous injection of recombinant IFN-κ did not induce psoriatic lesions may be caused by insufficient dose and bioactivity of recombinant IFN-κ. As the addition of IFN-κ directly to the cultured human NHEK did not alter gene expression of inflammatory cytokines such as CCL20 and TNFA, indicating that increased TNFA mRNA in mice model was most likely caused by systemic effect triggered by mrIFN-κ. One limitation of this study is that the sample size of human subjects is too small, that led to not having enough power for the correlation analysis between IFN-κ and psoriasis severity. Another limitation of this study is lack of a transgenic mice model. Transgenic mice with epidermis specific over-expression of IFN-κ would elucidate better the role of IFN-κ in psoriasis pathogenesis in vivo.
Currently, there is no application of using antagonistic strategies of IFNk to treat psoriasis patients. Our study opens a new avenue to investigate whether IFNk is a compelling target for psoriasis treatment.
Conclusion
IFN-κ is significantly increased in the epidermis of psoriasis skin lesions, it is a source for increased type I IFN gene signatures in psoriasis. The increased IFN-κ in psoriasis may be caused by dead cells-released double-stranded RNA and DNA fragments, increased IFN-γ and selfpromotion. IFN-κ may up-regulate TNFA and IL17A to promote inflammation responses in psoriasis. Anti-IFN-κ may be a potential target for psoriasis treatment.
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